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PURPOSE OF THE KELVIN BRIDGE (Continued) 



- the 




Figs. 1a and 1b 

terminals for both the standard and the unknown resistance. The resistance 
measured is that between the potential terminals. The essential features of 
the Kelvin bridge circuit are demonstrated in the following discussion by 
showing the elements of error in the measurement of low resistance with a 
Wheatstone bridge, and the manner in which the limitations of this circuit 
are overcome in the Kelvin bridge. 

For example, it may be necessary to incisure the resistance between two 
points p and p' a foot apart on a 3 s-inch copper rod. If an ordinary type of 
Wheatstone bridge is used, leads attached to the two points on the rod will 
lie clamped to binding posts in one arm of the bridge, as indicated in Fig. 1-a. 
This Bhows <i conventional diagram of the Wheatstone bridge circuit, in which 
the resistance to be measured is represented by X, and R is the rheostat arm 
in M hit ii resistance can be adjusted to balance the bridge circuit. The amount 
of resist .nice required in R for balance against X depends on the ratio of the 
hi A and B, the ratio arms of the bridge. 

I he bridge is balanced by an adjustment of R until the potential at f is 
tin lame as that at e, as indicated by zero deflection of the galvanometer. 
The resistances in the four branches of the circuit are then in the relation 

"r b 

so that the unknown resistance should be determined from the formula 

A a 



X- 
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PURPOSE OF THE KELVIN BRIDGE (Continued) 




The resistances R, X and d must be capable of carrying a considerable 
current without undue heating, because such a current is necessary for pre- 
cision of balance. The yoke d must be of very low resistance, and must be 
firmly i lumped to the rod and the standard so that contact resistances will be 

ind constant. The ratio arms A and B must be of such resistance that 
the resistance of the leads from them to the potential terminals p' and t', 
and the contact resistances at these points, will have no significant effect on 
the ratio of A to B. 

The circuit shown in Fig. 1-b can be modified so that, at least theoreti- 
< alK , the effect of the yoke resistance is nullified and the resistance of X is 
determined by a single measurement. This is accomplished by the arrangement 
shown in Fig. 2, which is a diagram of the Kelvin bridge circuit. The yoke 
is shunted by two resistances a and b in series, connected between 
the potential terminals p and t, and one galvanometer terminal is connected 
to the junction between these two resistances. Thus a and b constitute a 
itio circuit, and for this reason the device is sometimes called the 
Keh in double bridge. 
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KELVIN BRIDGE THEORY (Continued) 
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Figs. 3a and 3b 

X_A. . . 

I he formula .» — r> is that for the relation of the resistances in a balanced 

Wheatstone bridge circuit. These relations may exist in a Kelvin bridge 
circuit also, as can be illustrated by considering the Kelvin bridge circuit 
in conditions in which it is essentially the same as these of the Wheatstone 
bridge. Two such conditions, one possible and one hypothetical, are indicated 
in Figs. ! land 3-b. Each one assumes an extreme value for the resistance of 
the yoke, which may be regarded as infinite in Fig. 3-a and as zero in Fig. 3-b. 

With the circuit shown in Fig. 3-a the resistance in one arm would be 
X+y+a and in the other arm R+z+b. The resistance of X could not be 
determined with even approximate accuracy with the bridge in this condition. 
In some < ircumstances in the use of a Kelvin bridge for measurements of high 
precision this condition is purposely established by removing the yoke, so that 

tin preliminary adjustments of the ratio resistances can be made, but the 
yoke is replaced before actual measurement is made with the bridge. (See 
16. ) 

In the arrangement shown in Fig. 3-b it is assumed that the yoke resist- 
ance is reduced to zero by bringing the potential points p and t together. If 
this condition were possible, a, b, y and z would be simply extra resistance 
in series with the galvanometer, and therefore of little significance. Although 
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KELVIN BRIDGE THEORY (Continued) 

this condition cannot be established in an actual bridge assembly, it can be 
approximated by keeping the yoke resistance low. The importance of yoke 
resistance is shown later. 

With the yoke in position as indicated in Fig. 2, the Kelvin bridge may 
still be considered as functioning in a manner similar to that of the Wheat- 
stone bridge, and the relation of the resistances in the branches of the Kelvin 
bridge circuit can be expressed in a formula similar to that for the correspond- 
ing relations in the Wheatstone bridge circuit. This will be evident from a 
consideration of the diagram in Fig. 2. For the present discussion, the 
resistances x. y, m and n are regarded as zero. In accordance with the rela- 
tion between resistances in parallel circuits, the total resistance of the two 
circuits between p and t, one through the yoke and the other through a and 
b, can be divided into two parts which are related to each other .is the ratio 
<>! .i to b, and which can be expressed as 

f_a W( a+b)d N ( b X^ U+bld N 

Wby U+b+dy and UWVa-hb+dy' 
The formei part can be considered as in Beries with X and the latter part as 
in series with R, and the relation of the four arms of the bridge will be 



* Varby a+b+d A 



(a+b >_d " B 
a+b+d 
When this equation is simplified, the expression becomes 

R Va+b+d^ 



K H RVa+b+dAH bj 



-r.il formula for the relation of resistances in the Kelvin 

\ | 

bridge circuit. Ii the resistances A, B, a and b are so adjusted that \, ; 

3 H b 

tin last term in the above equation equals zero, and the formula becomes 
simpK R H 

In that condition the measurement of X IS not affected D) the resistance 

of the yoke. When the ratios g and jj are not equal, the term u( "TjTtVj J 

vB~ by r( 'i'" rrection (actor, which may be considered in three 

of whu h should be made ai small as possible. 
it the ratio- ^ and ^ .in- not equal, an equality can be establish* 

■hunting a or b, lOOOrding to which ia the- higher resistance. If tl 

removed, a^ m Fig. l-a, the resulting Wheatstone bridge circuit will be in a 
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KELVIN BRIDGE THEORY (Continued) 

A X+a 
balanced condition when the relation of the resistances is ^ = R , , and this 

will be the relation if a resistance is connected in parallel with a or b and is 

adjusted until the galvanometer indicates a balance. When this condition is 

A . a 

established n will be very closely equal to i because X and R will be very 

low resistances as compared with a and b, and will be in the relation 
X a A X+a . A a 

^ = r. Hence it B = K~+t> lt: ma ^ ^ e S enera 'b' assumed that n=i: 

within very narrow limits. If the yoke is now replaced and the resistance 
standard K is adjusted until the galvanometer shows a balance, the resistance 

X A 

of X can be derived from the formula % = o without correction. 

It X d\u\ R are both fixed resistances, it might be expedient to shunt 
both A and a or B and b. In this case the two shunts must be kept strictly 
in the ratio of the resistances which they shunt. 

It tin- resistance of the yoke could be made zero, as indicated in Fig. 3-b, 
the correction factor would be zero; but this is not practicable. It is generally 
practicable, however, to make d very low in resistance, so as to keep the 

_d 
traction p as small as possible. This is always important, as shown by the 

relation of this fraction to the correction factor. This fraction can always be 
made fairly small when R is 0.01 ohm or larger, but it is more difficult when 
R is smaller. 

The raction rTiTTj cannot be materially altered, because a and b are 

governed by the relative values of X and R, and d is negligible in comparison 
with a+b. Because of the relatively small value of d, the fraction mav be 

b 

considered as equivalent to a _i_u- The numerical value of this fraction is 

always less than one; in fact it will be approximately as follows, according to 
a 



the ratio 



b- 
When 



= 1, 



^ = 10 



b 
a+b" 

b 



i+b - ir sav0.1; 



a+b 



= 10/11, say 1.0. 
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KELVIN BRIDGE THEORY Continued 

b 

The significance of these values is in the effect of the fraction , , in re- 

/"A_a-\ 
ducing errors due to the term I r> , 1 in the correction factor. The nu- 

merical value of t r* l ) is determined below lor three conditions, which 

will be sufficient for the present discussion. The results for these three con- 

A 

ditions are based on the assumption that the ratio ., is 0.01 per cent higher 

a 
than it should be, and the ratio . is 0.01 per cent lower than it should be. 

A_a 
With such error- the values tor ., . would be as follows: 

A _ , A _ a 
Forth* nominal value n ' n £=0.0002; 

A in A a 
,,10, — - .0.002; 

A n , A a 

^=o.i, M --=o.O(»oo. 

The i such conditions will be more clearly demonstrated if d is 

I. 



oonsidi red as negligible in the fraction 



a+b+d 



and the general equation for 



the Kelvin bridge, R ~ J{ T R ) I ^ J is simplified. The un- 

known resistance X in terms of the standard I< is then expressed at 

*-»[HG-*)G 0] 

If it ia furth< r assumed that r> «1, the expn • 



From the equation in this form it is apparent thai the error due to 



\ .i 
B li 



b\ tin l.i< tor ; , 



inrl it is 



dded direct i noi of the 



ibove considerations it appears thai errors in A, B, i a 

will result in ni.txnnum final errors of measurement as shown in the foil' 
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KELVIN BRIDGE THEORY Continued) 



A 



A 



nominal values for B , if each ratio R and j| ii in error in such 
»e i umulative. 



1 
B 



A 



b 

i hb 



i i oooi 

10.0 10 001 
1 10001 



o 5 
0.1 

1.0 



A_a 
Ii h 




0.0002 
0.002 



1 0001 | 0001 
10 001 | 0.0002 

o loooi I 0.00002 



Error, 
Per 
Cent 

0.02 

0.012 

0.03 



Effect of Lead and Contact Resistances: 

In tl non of tin* theory u| the Kelvin bridge it vva> 

ited on page 8, th.it the rttietance ot leade end oontacti ie 

»j the lettere A, B, i end 1* repreeenti tin- total r eei e t a nc e 

<,i 1 1,, whit h it denotee On consideration oi the diagram of i bridge 

will be evident that the reeietance <»i eeu h erm in an e< tual 

nol onl> thai <»i the ratio coili but also that "i connec 

een the ratio .inns and the resietancee X and R In Fig 2 thete 

• ! l»\ the lettere m, n, j end i For eti i« t a* - 

Id be expi B4-n tlhl ' l> * i Hie formula for the 

i in the Kelvin bridge circuit at ba l a n ce would ih 
and for thie relation to be ebeotuteh true, it would be nea 






While thi of the ratio coile car I so that g ^within 

m hunt-, the equality may !>*• kee exact whm the oonnecting wire 
in n. \ and z are included. If the ratm coila were arwayi o( rack 



I ti.it . { I, it would be eas} to make ^ 



\ 



bi 



b | / 

>| the oonnecting wirei to that no n and j i; l»ut t<>r 

A 
K( Kim bridge is adapted foi of ratioe other than ^ = 1, 

ii <• ol the corresponding wire* mutt be coneidered accordii 

\ in 
iults tin* adjustment i> such that ^ " ii 
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STANDARD KELVIN BRIDGE 




No. 4320 Set of 10 Ratio Coils 




No. 4300 Adjustable Standard Low Resistance 



Standard Kelvin Bridge: 

With the two instruments illustrated above a Kelvin bridge can be as- 
sembled for measurement of resistance in the range from 0.000 000 01 ohm to 
1 ohm in steps of scale divisions and ratio multipliers. Readings can be made 
to a precision of 0.04 per cent or better down to 0.000 025 ohm. The elec- 
trical circuits of these instruments are indicated in diagram in Fig. 4, showing 
how they are used in an assembly for measuring low resistance. 

The standard resistance is adjustable at two points. Fine adjustment is 
made by moving a contact on a calibrated bar. The total resistance of the 
bar is 0.0011 ohm. In series with the bar are nine fixed resistances of 0.001 
ohm, each of which can be added to the circuit by a plug and block connection. 
This is equivalent to having a graduated bar ten times as long as the actual 
bar, hence the precision of adjustment is ten times what it would be if the 
nine extra sections were not used. The scale of the bar has 100 divisions be- 
tween and 0.001 ohm, and a vernier provides means for reading to 0.1 di- 
vision. The standard resistance required for balancing the bridge is therefore 
shown by the position of the plug and that of the vernier index. In calibrating 
the standard resistance each of the fixed coils is adjusted to its nominal value 
within a limit of error of 0.04 per cent. The limit of error in the bar resistance 
is 0.2 scale division. 
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STANDARD KELVIN BRIDGE (Continued) 

The standard resistance is designed to carry 50 amperes for a period not 
exceeding 10 minutes when the entire resistance of the standard is in circuit. 
If only the bar is in circuit without the additional fixed resistance, it will carry 
150 amperes for a short period. For continuous service the current in the 
entire bridge may be 30 amperes and that in the bar alone 90 amperes. There 
is a binding post on the bar which permits using it alone. 

For the ratio arms a set of 10 coils is used. There are five coils, respect- 
ively 100, 300, 400, 1000 and 10,000 ohms resistance, for the two arms of the 
main ratio circuit, and five duplicate coils for the auxiliary ratio circuit. 
The coils are connected in the bridge circuit by plug and block connectors, 
the ratio values being determined by the position of the plugs in the blocks. 
When the plugs are placed symmetrically in the two arms the ratios are iden- 
tical. The resistances included in the set provide the convenient multipliers 
of 100, 10, 1, 0.1 and 0.01, with several other ratios less commonly used. The 
resistance of each coil is adjusted to within 0.05 per cent of its nominal value, 

A a 

and for any combination the ratios 77 and 7 are equal within 0.01 per cent so 

far as the coils themselves are concerned. 

The lowest ratio resistance is 100 ohms. If the lead and contact resist- 
ance in series with it were as much as 0.01 ohm, the error involved in this 
branch of the ratio would equal 0.01 per rent. It is possible, however, to 
keep the stray resistance below 0.01 ohm, so that the error will be less than 
0.01 per cenl for this ratio element. For the higher ratio resistances it will 
be proportionately still lower. 



Measurement of Conductivity with the Standard Kelvin Bridge: 

An important application of the Kelvin bridge is in determination of the 
conductivity, resistivity and temperature coefficient of samples of wire and 
rod. 1 hi- requires measurement of resistance to an accuracy comparable with 
th.it obtained \\ith the Standard Kelvin Bridge. An assembly in which itn b 
a Bridge is used for this purpose 18 represented in diagram in Fig. 4. The 
elements of the circuit are Uttered in this diagram as they are in Fig. 2, so 

that the principles dist ussed in the preceding pages may be observed in their 
applit ation in this assembly . 

As in the previous illustrations, X represents the resistance to be meas- 
ured between the potential points p and p' on a low resistance conductor, 
which in this instance is a sample rod for conductivity determination. The 

le is cut to a definite length, which should be known accurately within 
05 pel < ent. The weight Of the sample must also be determined to th< 
accuracy. The rod is then mounted in suitably devised damps which provide 
tWO pain of separate current and potential contact hftlnnm and 

14 
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STANDARD KELVIN BRIDGE (Continued) 




^:BA. 



Fig. 4 



clamps specially adapted for this service are described on page 19. The 
distance between the potential points must be measured accurately, for the 
resistance measured is that between these two points. One current terminal 
on the sample is connected by a heavy wire d to a binding post at one end of 
the calibrated rod in the standard resistance R. Since this wire comprises the 
yoke (see page 5) its resistance should be low. The other current terminals 
of the sample and the standard resistance are connected to the storage battery 
Ba through the rheostat Rh. There should also be a key in the battery circuit 
so that no current will flow when the key is open. This will help to avoid un- 
wary heating in the circuit. 

A rheostat is used to control the current in the bridge circuit according 
to the rapacity of the unknown resistance to carry current without undue 
heating. While a piece of No. 000 copper wire will safely carry 50 to 100 
amperes, a current of more than 20 amperes would heat a piece of No. wire 
enough to change its resistance. 

The current in the bridge circuit should be no larger than is required for 
a sufficient difference of potential at the terminals of the galvanometer (see 
e and f in Fig. 2) to indicate small differences in resistance in the unknown 
and the standard. Since the galvanometer is connected between the ratio 
arms there is always an appreciable resistance in series with it. The essential 
characteristic of a galvanometer for work with a Kelvin bridge is therefore a 

itivity to the current resulting from small differences of potential at the 
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KELVIN BRIDGE ACCESSORIES 



, the 




No. 4885 Yard Arm Scales No. 4886 Analytical Balance 





No. 4888 Cutting-Off Machine 



With a Kelvin bridge equipment used regularly for measuring conduc- 
tivity , specially designed clamps for making current and potential contacts 
with tin- sample of wire or rod are convenient. These are mounted in pairs, 
one current and one potential clamp attached to the same base comprising 
unit ot the pair. When the samples to be measured are always of the 
same length, the bases of the two units may be fastened to a common base 
to keep them always at the proper distance between potential points. When 
the damps have been adjusted for a sample of a given diameter, a quick- 
ng spring contact device in each clamp permits insertion of other samples 
ttely the same diameter without disturbing the adjustment of 
ews. 
The Bpecial shear for cutting samples exactly to a given length is also a 
■ niem e for routine work in conductivity measurements. 

nnple cannot be bent to put it in an ordinary balance for weighing. 
The stall- or balance, arranged for weighing a sample of considerable length, 
part of an equipment for conductivity work. 
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HOOPES CONDUCTIVITY BRIDGE (Continued) 

J 5 t' 



Ba 




Fig. 5 

In this diagram R represents a standard wire of known total length and 
weight, and known resistance between the contacts t and t'; while X repre- 
sents a sample of wire also of known length and weight, but of unknown con- 
ductivity, which is to be determined by comparison of the resistance of the 
test wire with that of the standard wire. 

The potential contacts t and t' on the standard wire are fixed. The po- 
tential contact p on the test wire is fixed, but p' is movable. The potential 
points p' and t' are connected through the main ratio circuit comprising two 
equal fixed resistances A and B, with a uniform slide wire resistance connect- 
ing their adjacent terminals. The potential contact e, at the terminal of one 
galvanometer connection, is movable on this slide wire. The auxiliary ratio 
circuit connecting the potential points p and t is identical with the main ratio 
circuit just described, and the other galvanometer terminal is adjustable at f 
on the slide wire in this circuit. 

The contacts e and f are movable so that more or less of the slide wire 
resistance can be included in series with A and a, and correspondingly less or 
more in series with B and b, according to the direction in which the contacts 
are moved. This means for adjusting the ratio A to B and of a to b is used 
as a compensating device, as explained on page 23 For the present it is 

ned that the contacts e and f are set so that A=a and B = b. If the 
bridge is balanced by adjusting the position of p' until the galvanometer 
shows no deflection, the relation of the resistances in the bridge circuit will 
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HOOPES CONDUCTIVITY BRIDGE (Continued) 

, according to the formula for the Kelvin bridge. See page 8. 



Although the process described is that of comparing the resistance of the 
sample with that of the standard, the scale of the bridge is calibrated to show 
the conductivity of the sample in percentage of that of the standard. Con- 
ductivity is the reciprocal of resistivity, which is resistance per unit length 
and unit weight or unit cross section. In calibrating the scale on the Hoopes 
Bridge the point representing 100 percent conductivity is that for a copper wire 
one meter long and weighing one gram, the density of which at 20 deg. C. is 
8.89 and the resistance of which at 20 deg. C. is 0.15328 ohm. Copper wire 
standards for use with the Hoopes Bridge are calibrated on the basis of this 
value for resistivity (specific resistan 

If the material of the sample wire has the same characteristics as that of 
the standard, and the same length of each wire has the same weight, the two 
wires will have the same specific resistance. In a circuit as shown in Fig. 2 ( 
the distance between p and p' on the test wire will be the same as that be- 
tween t and t' on the standard, when the bridge is balanced with the contacts 
e and f set so that the resistances in the ratio circuits are in the relation A = B 

X_A_a 

anda=b. In this case r> ~ o ~i =1, according to the formula on page 8. 

on of the contact p' will be that of 100 per cent conductivity on the 
scale. 

ll the sample wire and the standard wire are of the same material, but 
equal lengths of the two wirr> differ in weight, the actual resistance between 
the points p and p' on the test wire will not be the same as that between t 
and t' on the standard, even though the specific re>istance is the same for both 
I be <litTerence in weight indicates a difference in cross section, and the 
resistance \arie> with the < ro^s section of the wire. If the contact p' 
i> left at tin- position of 100 per (ent on the x ale, which it should be D0 
of the specific resistance <>l the wire, the bridge can be balanced by changing 
the ratio oi A to li and of a to b. This is accomplished by moving the < on- 
ta< ts e and 1 On the slide wire resistances between the ratio coils, as ment, 
on page 21. The adjustment of the ratio thus compensates for the difference 
in weight per unit length of the sample. 

If the ratio coilfl are left .it this setting, and the same standard is kept in 
. but the sample ifl replaced by another having the same length and 

it but differing in purity of the copper, it will be necessary to change the 

ion of the contact p' to balam e the bridge, because the s| 
of the less pure sample will differ from that of the standard. The position of 
p' when the bridge is balanced will show the conductivity of the sample in 

- of that of the standard. 
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HOOPES CONDUCTIVITY BRIDGE (Continued) 
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Fig. 6 

The standard and the sample being both of copper, they will have so 
nearly the same temperature coefficient of resistance that when they are both 
at the same temperature during measurement, no correction for temperature 
is required in determining the conductivity of the sample. 
Use of the Hoopes Bridge: 

To show how the principles explained above are applied in an actual 
bridge, the diagram in Fig. 6 may be taken as a plan of the Hoopes Bridge 
and the standard wire illustrated on page 20. 

The standard wire has a lug at each end, and is inserted in the bridge by 
fastening the lugs under set screws shown at D and E in Fig. 6. These are 
the current terminals of the standard. There are four potential contacts on 
the standard, at F, G, H and I, so that it can be used for comparison with 
test samples of three different gauge sizes. The contact at F is common to 
all three sections, and corresponds to the point t in Fig. 5. This contact is 
connected to one end of the ratio coil b. The contacts G, H and I are con- 
nected to three blocks so marked, and by inserting a plug in the proper block, 
one or the other of these potential terminals is put in series with the ratio 
coil B. The potential point selected will correspond with t' in Fig. 5. 

The ends of the test wire are inserted in the hea\y screw clamps J and K, 
which provide current terminals for the wire. One potential terminal is at L, 
where the wire presses against a spring contact which is connected in series 
with the ratio coil a. This contact corresponds to the point p in Fig. 5. The 
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HOOPES CONDUCTIVITY BRIDGE (Continued* 
Accessories for Cutting and Weighing Samples: 

The scale of the Bridge is calibrated in terms of the conductivity of a wire 
of given length and weight. A cutting-off machine and a balance, both spe- 
cially calibrated, are therefore necessary for rapid, orderly cutting and weigh- 
ing of samples to be tested. 

The cutting-off machine consists of a metal frame with a shear at one 
end and an adjustable stop at the other. The stop is set to provide samples 
that are 38 inches long, plus 0.007 inch for the drawing effect on the end of 
the sample, caused by the shearing process. 

The balance for weighing samples resembles an ordinary laboratory bal- 

but is calibrated in terms of the settings on the Bridge. This direct- 

n ading feature is most convenient because, if the weight of the sample differs 

from that of the standard, its conductivity will differ likewise and a compen- 

g adjustment of the Bridge must be made. The value of this compensa- 
tion is determined by balancing the sample against a counterpoise and a 
rider. The counterpoise weighs what the sample should weigh. If the two 
differ in weight, the operator slides the rider along the beam until a balance 
is secured. When this is done, the rider, pointing to the specially calibrated 
beam, indicates the proper setting for the compensator on the Bridge. 

Each gauge size of wire requires its own counterpoise and rider, which 

LCCOrdingly furnished with the standard. Since each standard may be 
adapted for checking three different gauge sizes of wire, the counterpoise and 
riders for all three sizes are sent with it. A counterpoise and a rider are shown 
beside the standard in the illustration on page 20. 

The balance is equipped with devices for holding both thick and slender 

•les. A thick sample is held horizontally in a saddle, and a slender sample, 
that would bend under its own weight, is suspended vertically by means of a 
s pnng clip. Any sample of No. 21 B. & S. Gauge, or larger can be weighed 
with a limit of error within 0.1 per cent. 

A special rheostat is very convenient for use with the Hoopes Bridge. 
The studs are marked to correspond with the standard wires, and when the 
lever is set on a given stud the current will be regulated properly for either of 
the three wires for which the corresponding standard is used. A plu^ can be 
inserted in the stud for the next larger standard to prevent moving the lever 
to .i position for larger current. When the lever is set on the stud at one end 
of the row, no current will flow, hence the rheostat can be used as a switch also. 
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No. 4306 Self-Contained Kelvin Bridge 
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Fig. 7 

A Kelvin bridge in which the standard resistance .nv<l the ratio circuits 

nstrumeni is illustrated above. Seven ratio values 

provided, namely o.l, n 2, 0.5, I, 2, 5 and 10. The limit of error in the 

calibration of the ratios is 0.05 pa cent The desired ratio is established in 

• itio arm I i dial switch. The Ion resistance standard ini incite 

luated bar o( '* "l ol rid 9 fixed n ch oi 0.01 ohm, 

win. ■ - s/ith the bar b) a plug and block connector. The 

and "I <•■'< h fixed resistor ii 0.CM per 

,,iu« Tin scale for the bar has H>o divisioni betwe 

and 0.01 ohm. ex m graduation of the scale is 0.2 divisioo. J lie 

irement in steps of icale divisions and 
muli 000 01 ohm to l ohm. I « resistano ohm 

luremenf with this bridge is 0.1 per cent. 
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STUDENTS' KELVIN BRIDGE 




No. 4340 Students' Kelvin Bridge 

This is a self-contained Kelvin bridge with which the principles of the 
Kelvin bridge method for measuring low resistance can be demonstrated. 
The standard of low resistance is a rod of uniform cross section and uniform 
resistance per unit length. The total resistance between potential terminals 
on the rod is 0.01 ohm within 0.5 per cent. One potential terminal on the 
rod is fixed; the other is a sliding contact by which the resistance can be 
varied continuously between and 0.01 ohm. The position of the contact is 
indicated by a scale 15 inches (381 mm) long, having 100 uniform divisions. 

The ratio arms comprise two identical sets of resistance coils connected 
to binding posts on the top of the instrument. The ratio desired is obtained 
by connecting the galvanometer terminals to appropriate binding posts. The 
ratio values available are 0.1, 1 and 10. The limit of error in the resistance 
of each ratio coil is 0.2 per cent, and the two ratios agree within this same limit. 

The total range of resistance measurement with the bridge is 0.000 01 
ohm to 0.1 ohm in steps of scale divisions and ratio multipliers. Resistance 
can be measured down to 0.001 ohm with a limit of error of 0.5 per cent. For 
the measurement of samples of wire or rod the sample is inserted in clamps 
on the instrument providing current and potential contacts. The length of 
sample required is about 18 inches. There are binding posts to which leads 
from other types of conductors than wire or rod can be attached. The yoke 
is removable so that a suitable yoke can be extended to conductors measured 
exterior to the bridge. 

A feature of value in teaching is the means provided for inserting extra 
resistance in the ratio arms and the yoke, so that the effect of resistance in 
these elements of the circuit can be observed. These details are illustrated in 
Fig. 8, showing a schematic outline of the Students' Kelvin Bridge. 

Corresponding elements are lettered the same in Fig. 8 as in Fig. 2. The 

rnal resistances m, n, y and z in series with the ratio coils represent links 
of sheet metal which in the actual bridge are connected between binding posts 
and are easily removable for replacement with higher resistance. The yoke d 
is a link of heavy metal and is also removable. 
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STUDENTS KELVIN BRIDGE (Continued) 




Fig. 8 



Experiments with the Students Kelvin Bridge: 

For the experiments here suggested the equipment needed will include 
with the Students' Kelvin Bridge a galvanometer of moderately high sensi- 
tivity, .1 drj cell and a key for the battery eireuit. Connecting leads are 
furnished with the bridge. A piece of beavj topper wire with its resistance 
at one i. mp. ratun < ertified is also furnished, and it can be used for preliminary 
experience in tin operation of the equipment. 

( lean the ends of the wire for good ((intact, insert them in the slots in 
bio. k- ..i the ends of the bridge, and clamp them tightly with the heavy thumb 
screws. I Ik potential points on the wire .ire those at which the wire is in 
cont.u t with metal strips beside the blocks. 

< "niu t the dry cell and the key to each other and to the bridge as indi- 
cated in tin diagram. A single dry cell connected through the leads furnished 

will suppl) ample current for the measurement v to be made in these cxp.-ii 

ments The current should be just sufficient to give the required sensitivity 

"I ai nun in the galvanometer. In any work with a Kelvin bridge, (are must 
DC taken u> avoid errors from heating due to too much current in cither 1 he- 
standard or the unknown resistance. When the current must be - 

■ ' can be connecter] in t he battery cin mi . 

the precision with which the bridge can b. balanced depends on the 

tiyitj of the galvanometer, the instrument used should ha tivity 

that will permit control of the current within the limit at which undue heating 

Wl11 OCCUr- ( Onned the terminals of leads from the galvanometer to binding 
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STUDENTS' KELVIN BRIDGE (Continued 

posts in the ratio circuits, using posts numbered alike for both terminals. 
Always use the ratio that will bring the movable contact as high as possible 
on the calibrated resistance for balance in measuring an unknown resistance. 
Use the post marked 0.1 for resistance below 0.001 ohm, the post marked 10 
for resistance above 0.01 ohm and the post marked 1 for resistance between 
these limits. The resistance of the copper rod furnished with the bridge is 

lly a little more than 0.000 05 ohm. This would require the 0.1 ratios, and 
the sliding contact would be just over half way along the calibrated standard 

(lose the battery key and move the sliding contact along the standard 
• until the bridge is balanced. The balance puim is determined when 
the galvanometer deflection ceases as the key is opened or closed. The 
index may not be exactly at zero when the bridge is balanced, because there 
be thermo-electric forces due to unequal temperatures of junctions oi 
different metals in the circuit, and they may cause a flight deflection of the 
galvanometer even when the key is open. The position of the index resulting 
from the effect of these forces will be the zero position in the toM mce meas- 

ent. This condition has no effect on the accurac \ of measurement. 

The resistance of the sample measured is derived from the formula 

\ ,. R, in which X is the unknown resistance, R \- the reading <>i the scale 



A 



tin- ratio 
bi nd i ng 



on the Standard resistance when the bridge is balanced, and ^ 

multiplier, the numerical value of which is shown at the base of th 
to which the galvanometer leads are attached. 
( ompare the resistance of the copper rod measured according to the 
ibove directions with its known resistance. It then- l- a dis< repan< \, it ma) 
be due to a difference in temperature of the sample at the two measurements, 

max be due to poor contacts in the circuit. Note whether the COI 
surfaces of the rod, the yoke and the links are clean, and clamp the thumb 
I and binding posts tightly. Then repeat the measurements. 
Find the temperature of the sample by means of a reliable thermometer 
i lose to it, and compare it with the temperature at which the known resist 
of the sample was determined. The temperature coefficient ol reM^tan 
i opper i> approximately 0.4 per cent per degree ( 

Find the weight of the copper rod, its total length Atu\ the detain <■ be- 
'i the potential points, and determine the conductivity of the sample b\ 
means of the formula on page 18. 
Effect of Stray Resistance in the Bridge Circuit: 

these experiments the following accessories will be needed; 
Three rods the same length as the copper rod but of different dial 
with respe tive resistances of the order of 0.08, 0.008, and 0.0008 ohm. These 
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STUDENTS' KELVIN BRI DGE (Continued i 

will provide lor the use of all three ratio values while requiring in each c ase 
the major portion of the standard resistance to balance the bridge. Some 
material with higher specific resistance than that of copper and with negli- 
gible temperature coefficient i> preferable. An alloy of copper, nickel and 
manganese is satisfactory and the diameters of rods of suitable alloy for the 
resistances suggested would he approximately 4, 7 aim] 10 nun. 

Four resistance coils of 10 ohms each, and 4 coils of 1 ohm each. 

Two \okrs oi different diameter, both smaller .mi] appreciably higher in 
resistance than the one in the bri 

Lead and Contact Resistances: 

,i. With the bridge in its normal condition as used in measuring the copper 

rod, measure and record the resistance of (Mill of the test rods, using the 
ratio setting i h.it requires the maximum length ot the standard resistance lor 

balance. The results obtained in these measurements will serve as standards 

for comparison in the test-, that follow. 

10-ohm coil in place oi each of the links in, n. x and v and balance 
the hndvir tor each rod. Compare tin* results with those obtained in a and 

find the pen entage c»i error. 

c. Replace the 10-ohm coils with the 1-ohra coils and repeal the- operation 

in t Im- pro eding paragraph. 

the 1 ohm coils at m and \. Tut 10-olini coils in place- ol those 

.n n and >, and repeat the operation in b. 

\<> \ < i -i the positions ol 1 1 m coils and i rj ot her combinations, comparing 

h case with those tor the bridge iii the normal condition. 

tin result- when the ratio oi the external n is the 

i- thai "i th< fixed resistances m the ratio circuit with the results when 

Stances ha\ «• some ot her r.it IO. 



Yoke Resistance: 

a l<< Store the bridge to its normal condition with the links at in, n, \ and 

thi posit i. ni ol the sliding contact on l< to balance each oi the 
rods when using the yoki furnished with the bridge and s/hen this 
u h ol the two yokes oi higher resistant i 
b. Insert the rod ol lowesl resistance in the bridge and replace the- lini 

' \ with 10-ohm ing the links .it m and n in place. Record the 

iliding contact on K and balance with each oi the three yokes. 
With hnks at \ and \ and 10-ohm coils at m and n, record th> 
a nil all three oi t he links. 

K it h I ohm coils al \ and in and 1 ohm roils a t \ and n, re< ejre) t he- i. 
• t he roel with all thn 

'- obtained in these measurements with 

normal condition, <n\'\ consider them in i 

in bl< tor «lise ljssee| oil 
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PORTABLE KELVIN BRIDGES 




No. 4285 Portable Kelvin Bridge 
No. 4285 Kelvin Bridge: 

A portable Kelvin bridge is a convenient instrument for measuring low 
resistance windings in generators and transformers. The instrument shown 
in the above illustration has a total range of 0.001 ohm to 25 ohms, which is 
sufficient for all ordinary applications of this nature. The elements of the 
circuit in this bridge are shown in diagram in Fig. 9. 

An important application of measurements with this bridge is in de- 
terminations of the temperature of low resistance conductors, as for example 
in the cooling of transformer and generator windings temporarily discon- 
tinued trom service. The accuracy of resistance measurement corresponds 
to a temperature accuracy of better than 1 degn 

Operation: 

The operation of this bridge differs somewhat from that of bridges pre- 
viously described. A fixed amount of standard resistance is set in one branch 
ot the bridge, and the circuit is balanced by adjusting the ratios (see page 12 I. 
\ Blide wire resistance is connected between the ratio coil* A and B, and 
another between a and b. Both slide wires are mounted on the edge of a 
disc, and are moved together by the knob which rotates the disc. The con- 
tacts between the terminals of the galvanometer leads and the slide wires are 

dentically with relation to the two resistances, so that for any position of 
the disc, the ratio of A to B is the same as that of a to b. 

The standard resistance comprises a series of calibrated low resistances 
connected to studs on a dial switch, so that the amount of resistance used for 
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PORTABLE KELVIN BRIDGES (Continued) 




Fig. 9 



i « in be varied in fixed steps. The studs represent the current and 
i otential contai ts at one end oi the • omparieon resistant e. 

To use the bridge a battery is connected to the binding poeti BA, and 

- from current and potential terminals oi the resistance to be measured 

• ted respective!) to posts CI C2 and PI, P2, The dial switch is 

turned to set the brushes on the studs corresponding to the standard resistant t 

< -i i< - tin m sistam e mi asured I lit- batter) Bwitch is then closed, and the 

een tin- ratio coils is adjusted l<y turning the slide wire until 

■ ■ does not move as the loey GA is pressed and 

i nless tti' i to I 'i- measured is known approximately, the 

i tin dial switch must be found by trial. When the bri< 

balai ired is * •* j u.t 1 to the setting of the dial switch 

mull I !■< m ,i« ling ol i In- rat io si ale. 



No. 4286 Kelvin Bridge; 

t rat ion on pagi J3 shows a portable Kelvin bridge suital 
k oi inod< u \ in measurem at oi I" i 

• ■I motors, generators and transformers, and in a 

The range is from 0.0001 ohm to 11 ohms. 
i nt . 
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No. 4286 Portable Kelvin Bridge 



Fig. 10 



Operation : 

A diagram of the bridge circuit is shown in Pig. 10, The principle is 
that of comparing the unknown resistance with a fixed resistance by means 
of adjustable ratios. (See page 12. J The instrument has five fixed resistances, 
of 0.01, 0.1, l t 10 and 100 ohms, any one of which can be used for comparison 
by inserting a plug at a block numbered correspondingly. The ratio resistances 
are a pair of slide wires mounted on the edge of a disc and rotated together by 
a knob. The operation consists merely in pressing a key and rotating the disc 
until the galvanometer shows a balanced circuit. The plug is set at the fixed 
Btandard which causes a balance as near as possible to the center of the ratio 
scale. The resistance measured is equal to the reading of the ratio scale 
multiplied by the numerical value of the standard resistance used. The com- 
putation amounts simply to shifting the decimal point in the scale reading. 

\\ hen the resistance to be measured does not exceed 1 ohm, it must have 
current and potential terminals to be connected respectively to the posts CI, 
C 2, and Pi, P2. When the resistance is above 1 ohm, or at least is large in 
comparison with the total resistance of the connecting wires, one wire from 
eat h terminal will be sufficient. In connecting them to the bridge the end 
of one wire should be attached to both posts Pi and Cl, and the end of the 
Other wire to P2 and C2. 
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No. 8501 Kelvin Bridge Temperature Recorder For Generator Rotating 

Fields: 

The instrument illustrated above records the temperature of the rotating 
field tor. "IIh- quantity actually measured is tin- resistance «>t the 

field, l »ut since this changes with temperature tin* Recorder is calibrated in 

The actual circuit of the bridge in this recorder is shown schematicall) 
in Vi£. 11. accompanied by a simplified diagram, so that the elements ol the 
cin int < an be i ompared with those ol the Kelvin bridge represented b) \ 
on p .. . unknown nt sistance X is the rotor winding, and the Btandard 

l< is .1 low n sistance -hunt connected in series with the winding by 
th< yoke d. rhe potential points p and p' are auxiliary brush contact 

•Hector rings, while t and t' are fixed potential points on the standard 

bridge circuit is ol the type in which differences between 

tht unknown and the Btandard resistances are balanced by adjustment oi the 

■ pages 12 and Jl The terminals e and 1 of the galvanometer 

leads are movable contacts on slide wire resistances between the ratio coils 

\ it and a b As the resistance ol X varies with temperature, the bridge 

circuit is balanced b\ adjusting the- positions of then contacts on the slide 

thus varying i 1m- ratio A to H and ol a to b. I his adjustment is made 

• i recordei mechanism, which draws a curve showing the 

ratio required to keep the bridge balanced. I h<- scale > v cali 

brated so that the record ol the ratio adjustments indii ates tin- corresponding 

field winding. 
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1 u« 

SCHEMATIC DIAGRAM OF DEVICE FOR 
NULLIFYING T>« EFFECT OF 
INDUCTANCE! IN FIELD WINDING 



Fig.11 



Since the standard resistance can be mounted close to the generator, the 
resistance of the yoke d can be made very low, to satisfy this requirement of 
the Kelvin bridge circuit. (See page 8.) The ratio resistances A, B, a and b, 
with the slide wires between them, are mounted in the recorder, and since 
this may be at a considerable distance from the generator, there may be an 
appreciable amount of resistance in the leads m, n, y and z connecting the 
ratio coils with the current and potential points on the standard resistance 
and the field winding. By using wire of sufficient size and making good con- 
tacts, this resistance can be kept so low that being in series with ratio coils of 
comparatively high resistance, it will be an insignificant lraction of the total. 
Furthermore, the resistances can be adjusted so that any differences in them 
will have no important influence on the ratio of A to B and of a to b. (See 
page 12.) 

Canceling the Effect of Change In Field Current 

Because of self inductance in the winding a sudden change in field current 
may disturb the potential equilibrium at certain points in the bridge circuit. 
This may cause a deflection of the galvanometer and a change in the tempera- 
ture record, although there has been no change in the actual temperature of 
the winding. 

This effect is eliminated by connecting the galvanometer to the secondary 
of a current transformer, the primary of which is in series with the standard 
resistance and the field winding. A sudden change in current will thus produce 

inpensating e. m. f. in the galvanometer circuit and the temperature 
record will not be affected. 

This refinement is only necessary when measuring the temperature ot 
itors supplying a fluctuating load. 
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